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Abstract
Previous studies have shown that cycling can directly influence neuromuscular control during subsequent running in some
highly trained triathletes, despite these triathletes’ years of practice of the cycle–run transition. The aim of this study was to
determine whether cycling has the same direct influence on neuromuscular control during running in moderately trained
triathletes. Fifteen moderately trained triathletes participated. Kinematics of the pelvis and lower limbs and recruitment of 11
leg and thigh muscles were compared between a control run (no prior exercise) and a 30 min run that was preceded by a
15 min cycle (transition run). Muscle recruitment was different between control and transition runs in only one of 15
triathletes (57%). Changes in joint position (mean difference of 38) were evident in five triathletes, which persisted beyond
5 min of running in one triathlete. Our findings suggest that some moderately trained triathletes have difficulty reproducing
their pre-cycling movement patterns for running initially after cycling, but cycling appears to have little influence on running
muscle recruitment in moderately trained triathletes.
Keywords: Electromyography, triathlon, three-dimensional kinematics, motor control, transition
Introduction
Triathlon is a multidiscipline endurance sport that
involves sequential swimming, cycling, and running.
Success in triathlon competition depends primarily
on the triathlete’s ability to run after cycling
(Bentley & Vleck, 2004; Vleck, Bentley, Millet, &
Burgi, 2008; Vleck, Bu¨rgi, & Bentley, 2006) and the
transition from cycling to running is made as quickly
as possible. Like competition, training often involves
running after cycling. Training loads of competitive
triathletes are high and musculoskeletal overuse
injury is common (Burns, Keenan, & Redmond,
2003; Egermann, Brocai, Lill, & Schmitt, 2003;
Gosling, Gabbe, & Forbes, 2008; Korkia, Tunstall-
Pedoe, & Maffulli, 1994). While the aetiology of
overuse injury is multifactorial, models of overuse
injury pathogenesis (Bennell, Malcolm, Wark, &
Brukner, 1996; Burr, 1997) and laboratory evidence
from numerous injury models, including anterior
knee pain (Cowan, Hodges, Bennell, & Crossley,
2002; Hinman, Bennell, Metcalf, & Crossley, 2002;
Mellor & Hodges, 2005), groin pain (Cowan et al.,
2004), and lower-back pain (Hodges, 2001;
Hodges & Richardson, 1999), provide support for a
relationship between altered neuromuscular control
and overuse injury.
For triathletes, both performance and resilience to
injury may depend on their use of movement and
muscle recruitment patterns that are specific to
running and not adversely influenced by previous
cycling. However, a previous study showed that
cycling can have a direct effect on neuromuscular
control during running, independent of fatigue
(Chapman, Vicenzino, Blanch, Dowlan, & Hodges,
2008a). In that study, 36% (5/14) of highly trained
triathletes demonstrated altered muscle recruitment
when running after cycling. This change in muscle
recruitment occurred despite years of practice of the
cycle–run transition. Importantly, an association
between the presence of altered muscle recruitment
when running off-the-bike and exercise-related leg
pain has recently been established in highly trained
triathletes (Chapman, Hodges, Briggs, Stapley, &
Vicenzino, 2010). Altered neuromuscular control
can have an immediate and significant effect on
tissue loading (Christina, White & Gilchrist, 2001;
Yoshikawa et al., 1994), and with sufficient
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repetition may contribute to overuse injury. Early
identification of triathletes with altered neuromotor
control during running after cycling may allow for
the implementation of training modifications and/or
targeted interventions to minimize the cumulative
effect of altered tissue loading.
In recreational triathlon, pain and injury constitute
a major impediment to physical activity, subsequent
general health, and progression in the sport. There-
fore, investigation of any factors that may contribute
to the development of injury will be of great
importance for continued participation. Moderately
trained triathletes have practised the cycle–run
transition less than highly trained triathletes, which
suggests that the effect of cycling on neuromuscular
control during running might be greater in these
moderately trained triathletes. However, the direct
effect of cycling on neuromuscular control during
running has not been studied in moderately trained
triathletes. Given the link between injury and altered
neuromuscular control during running after cycling
(Chapman et al., 2010), this information may be very
important for planning of training for moderately
trained triathletes. The aim of this study was to
examine the direct effect of cycling on running
muscle activity and movement patterns in moder-
ately trained triathletes.
Methods
Participants
The participants were 15 recreational triathletes
recruited from local triathlon clubs (Table I). All
participants were training for triathlon competition at
the time of testing. Triathletes were excluded from
the study if they had any neurological disorders, a
history of musculoskeletal injury in the previous 6
months, or had competed in other sports on two or
more occasions per week in the previous 3 months.
All participants provided written informed consent.
Procedures received approval from the Institutional
Human Research Ethics Committees in accordance
with the Declaration of Helsinki.
Electromyography (EMG)
EMG recordings were made from 11 muscles of the
lower limb using bipolar Ag/AgCl surface electrodes
with circular, pre-gelled contact areas of 10 mm and
a fixed inter-electrode distance of 20 mm (Nicolet
Biomedical, USA) (Table II). Electrodes were
orientated parallel to the direction of the muscle
fibres and positioned relative to anatomical land-
marks following recommendations for optimal signal
quality and innervation zone location in accordance
with established procedures (Chapman, Vicenzino,
Blanch, Knox, & Hodges, 2006; Chapman, Vice-
nzino, Hodges, Blanch, & Hahn, 2009; Macgregor,
Table I. Participant profiles (mean+ s).
Age (years) 26.9+4.4
Weight (kg) 65.7+8.5
Height (m) 1.73+0.05
Experience (years)a 3.2+2.6
Training hoursb 12.6+4.0
Training distance (km)c
cycling 147+61
running 30+12
Sessionsd
cycling 3.8+1
running 3.8+1
cycle–run 1.4+0.9
aYears of triathlon experience.
bAverage total training hours per week in the preceding 3 months.
cAverage weekly training distance (km) in the preceding 3 months.
dAverage number of weekly training session in preceding 3
months.
Table II. EMG electrode placement.
Muscle Landmark 1 Landmark 2 Distancea Inclination (8)b
Tibialis anterior (TA) Lateral joint line of knee Lateral malleolus of the tibia 30% 0
Peroneus longus (PL) Head of the fibula Lateral malleolus of the tibia 25% 0
Gastrocnemius lateralis (GL) Lateral joint line of knee Lateral malleolus of the tibia 25% 15
Gastrocnemius medialis (GM) Medial joint line of knee Medial malleolus of the tibia 25% 15
Soleus (SOL) Medial joint line of knee Medial malleolus of the tibia 60% 10
Rectus femoris (RF) Superior lateral patella Anterior superior iliac spine 130 mm 0
Vastus lateralis (VL) Superior lateral patella Anterior superior iliac spine 120 mm 10
Vastus medialis (VM) Superior medial patella Anterior superior iliac spine 37 mm 55
Biceps femoris (BF) Ischial tuberosity Lateral popliteus 50% 15
Semitendinosus (ST) Ischial tuberosity Medial popliteus 50% 15
Gluteus maximus (Gmax) Second sacral vertebra Greater trochanter of the femur 55% 0
Note: Electrodes were positioned parallel to the direction of the muscle fibres and at a relative distance between two anatomical landmarks,
measured from that denoted as landmark 1.
aDistance between landmark 1 and landmark 2 measured from landmark 1.
bAngle of inclination from the vertical to position electrode parallel with direction of the muscle fibres.
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Gerlach, Mellor, & Hodges, 2005; Rainoldi,
Melchiorri, & Caruso, 2004; Stensdotter, Hodges,
Mellor, Sundelin, & Hager-Ross, 2003) (Table II).
The skin was prepared using a standard procedure in
accordance with recommendations for skin prepara-
tion by the International Society of Electrophysiology
and Kinesiology (ISEK) and European Surface
Electromyography for the Non-Invasive Assessment
of Muscles (SENIAM) (Hermens, Freriks, Dissel-
horst-Klug, & Rau, 2000). The electrodes were fixed
usingFixomull1 (BSNMedical,Germany) extensible
dressing and position of electrodes confirmed using
voluntary contractions. A ground electrode (3M
Health Care, USA) was positioned over the medial
tibial shaft. EMG electrodes were not moved or
replaced between control and transition runs to
maximize reproducibility of EMG recordings.
The EMG data were recorded with a Noraxon
Teleymo 2400RG2 (Noraxon, USA, Inc.), amplified
(10006), band-pass filtered between 10 and 500 Hz,
sampled at 3000 Hz, and digitized by a 16-bit
analog-to-digital convertor (VICON MX: Oxford
Metrics Ltd.). Recordings were made from one side
that was selected at random. EMG cables were fixed
using Fixomull1 (BSN Medical, Germany) exten-
sible dressing and Surgifix1 (BSN Medical, Aus-
tralia) elastic bandage to prevent movement artefact
during cycling and running.
Motion analysis
Three-dimensional motion of the pelvis and lower
limbs was measured. Coordinates of 14 mm retro-
flective markers were sampled at 250 Hz using a
VICON MX eleven-camera motion analysis system
(Oxford Metrics Ltd., Oxford, UK). A lower body
anatomical coordinate system was defined using the
Vicon Plug-in-Gait1 lower body marker set, which is
widely used in motion analysis and has been
described and validated previously (Davis, Ounpuu,
Tyburski, & Gage, 1991; Kadaba et al., 1989). All
markers were secured using both double-sided tape
and Fixomull1 (BSN Medical, Germany) extensible
dressing and remained unchanged between control
and transition runs to maximize reproducibility of
kinematic data.
Procedure
We replicated the experimental procedures of our
previous study with highly trained triathletes (Chap-
man et al., 2008a, 2009). This protocol has been
shown to be valid and repeatable for investigating the
direct influence of cycling on neuromuscular control
during running independent of the effects of fatigue
or speed of running. The main experiment consisted
of a transition run protocol to investigate the effect of
cycling on neuromuscular control during subsequent
running. Participants completed a 10 min control
run and, after 45 min recovery, 15 min of cycling
followed immediately by a 30 min transition run
(transition run protocol). To best replicate the demands
of training and competition, while still standardizing
experimental conditions, a controlled period of 45 s
was allowed between the bike and transition run to
enable triathletes to change footwear. All running trials
were performed on a treadmill with no incline
(Sportech ACT, Australia). Running velocity re-
mained constant and was the same for the control
and transition runs. Treadmill speed was increased to
the desired velocity within the first 20 s of the
transition run. Running velocity was self-selected by
participants during a standardized 5 min warm-up
prior to testing as that which was perceived as
comfortable and non-fatiguing, without causing a
decline in running form for 30 min of constant-speed
running. All participants had previous experience of
running on a treadmill. The EMG and three-dimen-
sional motion data were collected for 15 s each minute
for the duration of the study.
The cycle exercise was conducted on the partici-
pant’s own bike secured on a magnetic trainer
(Kinetic Road Machine: Kurt Kinetic, USA). All
participants used clipless pedals. The first and final
3 min of the cycle period were performed at the
participant’s individual preferred cadence, and 3 min
conditions of 55–60, 75–80, and 95–100 rev  min71
were randomly allocated from the 4th to the 12th
minute of the cycle period to simulate the varying
cadences of typical cycling (9–10). Exercise intensity
was controlled using Borg’s 15-point (6–20) rating of
perceived exertion (RPE) scale (Borg, 1973). A
rating was obtained from participants at 1 min
intervals throughout the cycle, and feedback to
modify exercise intensity was provided until an
RPE of 12 was obtained. When a change of cadence
was required, participants were instructed to adjust
their bicycle gearing to maintain a consistent RPE.
Rating of perceived exertion was used to control
cycle intensity as it provides a reliable measure of
exercise intensity that is not influenced by power-
intensity profiles between participants and allows
participants to use their own bicycles without
modification (for a detailed discussion, see Chap-
man, Vicenzino, Blanch, & Hodges, 2007).
Participants also completed a separate 30 min run
10+ 7 days before or after the standard transition
run protocol (order randomized). This additional
run (herein referred to as stability run) was performed
to establish the stability of the measures of neuro-
muscular control with continued running, irrespec-
tive of any cycling; and enabled the differentiation
between changes in neuromuscular control that
occur due to cycling and those that occur with
Neuromuscular control of running athletes 1479
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continued activity (see Chapman et al., 2009).
Triathletes completed the stability run at the same
time of day and at the same running speed as the
transition protocol (mean running velocity+ stan-
dard deviation: 11.3+ 1.5 km  h71). EMG and
kinematic data were collected for the duration of
the 30 min run as per the transition run protocol.
Data management
Data management and analysis procedures repli-
cated established procedures (Chapman et al., 2006,
2008a, 2008b, 2009) and were in accordance with
International Society of Electrophysiology and
Kinesiology guidelines. EMG data were adjusted
for DC-offset, full-wave rectified, and bandpass
filtered between 15 and 400 Hz. Retroflective
marker trajectories were filtered using a generalized
cross-validation spline (GCVSPL) algorithm and
three-dimensional kinematics calculated using the
Plug-in-Gait1 model. Although kinematics were
modelled in three dimensions, only sagittal plane
data were included in the analyses due to the lower
reliability associated with coronal and transverse
plane data (McGinley, Baker, Wolfe, & Morris,
2009).
Individual strides of running were defined from
foot contact to ipsilateral foot contact. These events
were identified visually using the vertical and
horizontal displacement and velocity of retroflective
markers placed on the ankle and shoes. EMG and
kinematic data for each stride were time normalized
to 101 points. The 10 strides closest to each minute
interval of the control and transition runs were
selected for analysis. The data were averaged across
the 10 strides for each minute. The maxima and
minima of kinematic waveforms were determined
over the entire stride cycle. Stride duration was
calculated as the time between consecutive times of
foot ground contact. Individual variance (i.e. varia-
bility of muscle recruitment patterns between strides)
was calculated as the coefficient of multiple correla-
tion (CMC) of the 10 strides.
EMG amplitude was normalized to the maximum
measured EMG amplitude during the baseline run
(MAX), in line with previous procedures (Chapman
et al., 2006, 2009). All data were screened by visual
inspection. Data of inadequate quality (i.e. record-
ings that contained high levels of artefact, which
could not be adequately removed with signal filters,
may have masked the true EMG recording, and thus
may have led to a false interpretation of muscle
activation) were excluded from analyses, as de-
scribed previously (Chapman et al., 2006). From
the total of 6600 EMG recordings, 6504 (98%) were
successful and included for further analysis. Time of
onset, offset, and duration of muscle activity were
derived from EMG recordings. Onset and offset of
muscle activity were identified visually from rectified
data using established criteria (Chapman et al., 2006,
2007, 2008b): the onset of EMG activity was taken
as the time when EMG amplitude increased above
the baseline value, and remained at a level 15% of
the maximum EMG amplitude for 10% of the
stride cycle; the time of EMG offset was defined as
the point when EMG amplitude returned to baseline,
or remained below 15% of maximum EMG ampli-
tude, for 10% of the stride cycle; the duration of
muscle activity was calculated as the period between
onset and offset and expressed as a percentage of the
stride cycle.
Data analysis
Based on previous findings (Chapman et al., 2008a,
2009), the effect of cycling on neuromuscular control
during running was examined using five main data
analysis procedures.
1. Reproducibility of the control run. The reproduci-
bility of control run EMG and kinematic time series
data was evaluated to establish a baseline measure of
neuromuscular control for moderately trained triath-
letes during running. Reproducibility was evaluated
for each participant using Pearson’s correlation
coefficient (r), root mean square error, and the
difference in means from the 9th and 10th minutes.
The difference in the means was used to calculate the
95% limits of agreement, as suggested by Bland and
Altman (1986). In the case of heteroscedasticity, a
logarithmic transformation of the data was per-
formed and the coefficient of variation (CV) calcu-
lated (Nevill & Atkinson, 1997). Both the correlation
coefficient and root mean square error were used, as
the correlation coefficient is most sensitive to
variations in waveform shape, whereas the RMSE is
more sensitive to variations in amplitude, thus the
combination provides a greater indication of repro-
ducibility. Reproducibility of stride duration during
the control run was evaluated using root mean
square error.
2. Stability of continued running. To determine if
changes in neuromuscular control occur with con-
tinued running, irrespective of any cycling, EMG
and kinematic time series data for the 30th minute of
the stability run were compared with the 10th minute
of the same run using the root mean square error,
correlation coefficient, and 95% limits of agreement.
In addition, absolute mean difference in maxima and
minima of the kinematic waveforms at the ankle,
knee, hip, and pelvis were compared between the
30th minute of the stability run and the 10th minute
of the same run.
1480 J. Bonacci et al.
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2.1. Minimal detection threshold.
The results of the stability run were used to define a
minimal detection threshold for individual change in
muscle recruitment and kinematic patterns between
control and transition runs. The threshold ensured
that identified differences in neuromuscular control
were very likely to be due to cycling rather than
normal variation that occurs with continued running.
A minimal detection threshold was calculated for the
root mean square error and correlation coefficient of
kinematic and muscle recruitment patterns and the
absolute mean difference in maxima and minima of
kinematic waveforms using the average triathlete
data. The threshold was calculated as the mean root
mean square error or absolute mean difference
þ1.96*s, and was considered to be a modified
version of minimum detectable change as reported
previously (Schmitt & Di Fabio, 2004). For correla-
tion coefficients, the data were first log transformed
using Fisher’s z and the average correlation coeffi-
cient 71.96*s was then back-transformed as pre-
viously recommended (Clayton Silver & Dunlap,
1987; Hopkins, Marshall, Batterham, & Hanin,
2009), and used as the threshold for detectable
change.
A minimal detection threshold was established for
both the correlation coefficient and root mean square
error of muscle recruitment and kinematic patterns,
as the correlation coefficient is sensitive to variations
in waveform shape, whereas the root mean square
error is more sensitive to variations in amplitude, as
previously mentioned. Thus, the combination en-
abled the detection of changes in muscle recruitment
or movement patterns as well as changes in the
amplitude of movement or muscle recruitment and
provides a robust indication of change between
control and transition runs.
A one-way analysis of variance (ANOVA) was
conducted to determine if there were differences in
stability between muscles or joints. A single threshold
was used for all muscles or joints unless a significant
difference between muscles or joints existed, in which
case separate thresholds were determined for each
muscle or joint.
3. Changes in neuromuscular control between control and
transition runs. To determine changes between con-
trol and transition runs, EMG and kinematic data of
the 10th minute of the control run were compared
with data from minutes 1, 2, 3, 4, 5, 10, 15, 20, 25,
and 30 of the transition run.
3.1. Group data.
Group mean EMG and kinematic waveform data
were plotted and compared between time intervals
using the 95% confidence intervals. The transition
run was defined as different to the control run if
the 95% confidence intervals were not overlapping
for 10% of the stride. Group mean stride
duration, individual variance, time of EMG onset,
offset and duration, and maxima and minima of
kinematic waveforms were also compared between
control and transition runs using one-way re-
peated- measures ANOVA. Group main effects
were further analysed with Bonferroni adjusted
pairwise comparison of within-individual differ-
ences among time intervals.
3.2. Individual triathlete changes in neuromuscular
control.
Changes in muscle recruitment and kinematic patterns
between control and transition runs were also
evaluated for individual triathletes. The transition
run was defined as different to the control run when
for 2 min or more: (i) the root mean square error or
correlation coefficient of the comparison of the control
(10th minute) and transition run xth minute (x¼ 1–
30) exceeded the minimal detection threshold, and (ii)
the 95% confidence intervals for EMG waveforms
were not overlapping for 10% of the stride; or for
kinematics, the absolute mean difference for compar-
ison of maxima and minima of the control (10th
minute) with the transition run xth min (x¼ 1–30)
exceeded the minimal detection threshold.
3.3. Simultaneous change in muscle and kinematics
patterns for individual triathletes.
For those triathletes who showed a change in
kinematics or muscle recruitment, further examination
was conducted to elucidate whether changes in muscle
recruitment coincided with changes in kinematics.
Changes in muscle recruitment at a given instant in
the transition run (i.e. minutes 1–30) were cross-
checked with any change in kinematics and vice versa.
If simultaneous changes were identified at any given
instant, visual examination of the waveforms was
conducted to identify if the changes occurred at the
same time during the stride cycle.
Results
1. Reproducibility of the control run. Reproducibility of
control run data is presented in Table III as
correlation coefficients, root mean square errors,
and 95% limits of agreement for EMG and kine-
matics. All control run data displayed high reprodu-
cibility (i.e. root mean square error of EMG
recordings was  3.5% in all muscles and  1.28 for
kinematics at all joints).
2. Stability of continued running. The stability of
EMG and kinematic data with continued running
is shown in Table III. The root mean square error
of stability was within 1.9% (EMG) and 18
Neuromuscular control of running athletes 1481
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(kinematics) of root mean square error of control
run reproducibility, and the correlation coefficients
were 0.86 (EMG) and 0.98 (kinematics) for
both the control and stability runs (Table III).
The coefficient of variation for EMG of the
stability run was within 14.5% of the control run
and the 95% limits of agreement within 4.18 for
kinematics. This indicates that there were only
small changes in muscle recruitment and kine-
matics patterns during the continued running of
the stability protocol and that the control run data
provided a sufficient baseline measure of neuro-
muscular control.
2.1. Minimal detection threshold.
There was no difference between muscles for root
mean square error of stability or correlation coeffi-
cient of stability from muscle recruitment patterns
during continued running (P¼ 0.88 and 0.15 re-
spectively). Therefore, EMG data were pooled
across muscles for the calculation of a minimal
detection threshold for identifying altered muscle
Table III. Reproducibility of control run measures and stability of continued running.
(a) EMG
Control run Stability run
Muscle* RMSEa r Mean diff. CVb RMSEa r Mean diff. CVb
TA 3.5 0.91 71.9 7.7 4.8 0.85 0.2 8.4
PL 3.0 0.94 71.5 8.9 4.0 0.92 1.9 10.9
GL 3.1 0.96 71.1 9.3 4.1 0.95 76.4 12.7
GM 3.2 0.96 72.7 9.8 4.0 0.95 4.2 12.4
SOL 2.5 0.97 71.7 10.1 4.3 0.94 76.4 13.7
RF 2.6 0.95 73.4 7.5 3.9 0.90 1.8 11.3
VL 2.2 0.97 72.3 11.9 3.8 0.91 6.8 18.1
VM 2.5 0.96 77.6 18.8 3.2 0.94 9.3 25.8
BF 3.3 0.95 70.4 8.6 4.1 0.93 2.8 9.9
ST 3.3 0.94 74.1 9.9 3.5 0.93 1.3 12.1
Gmax 2.5 0.96 0.0 6.9 4.4 0.86 5.9 10.7
(b) EMG minimal detection threshold
RMSEa r
6.5 0.77
(c) Kinematics
Control run Stability run
AMDc
Joint RMSEa r Mean diff. LOA RMSEa r Mean diff. LOA Maxima Minima
Ankle 0.6 0.99 0.1 2.5 0.9 0.99 70.7 3.2 1.2 1.0
Knee 1.2 0.99 70.1 5.6 2.2 0.99 0.6 9.7 3.3 1.0
Hip 0.6 0.99 0.0 2.5 1.0 0.99 0.5 4.4 2.1 0.9
Pelvis 0.3 0.99 70.1 1.1 0.3 0.98 70.4 1.4 0.8 0.5
(d) Kinematics minimal detection threshold
AMDc
RMSEa r Maxima Minima
Ankle 1.1 0.99 1.9 2.4
Knee 4.8 0.96 7.0 3.0
Hip 2.2 0.98 6.1 2.7
Pelvis 0.8 0.93 2.3 1.4
Note: Group mean root mean square error (RMSE), correlation coefficient (r), and the difference between the means (Mean diff.) are shown
together with 95% limits of agreement (LOA) for kinematics and coefficient of variation (CV) for EMG. *For abbreviations of muscles, see
Table II.
aPercent RMSE.
bCoefficient of variation is presented for EMG data due to heteroscedasticity.
cDegrees.
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recruitment in the control-to-transition run compar-
ison. There was a difference between joints for root
mean square error of stability (P¼ 0.01) and
correlation coefficient of stability (P¼ 0.02). There-
fore, separate detection thresholds were established
for each joint. The minimal detection threshold for
change in muscle recruitment patterns, kinematic
patterns, and maxima and minima of the stride cycle
are presented in Table III.
3.1. Changes in neuromuscular control: Group data.
Group mean muscle recruitment and kinematic
patterns were not different between control and
transition runs at any time. Group mean EMG
data of individual variance, onset, offset, and
duration of muscle activity were not different
between control and transition runs. Group mean
stride durations and maxima and minima of
kinematic waveform at the ankle, knee, hip, and
pelvis were also not different between the control
and transition run.
3.2. Individual triathlete changes in neuromuscular
control.
Qualitatively, individual triathlete muscle recruit-
ment patterns were very similar between control and
transition runs (Figure 1). Quantitatively, muscle
recruitment was different between control and
transition runs in one muscle for one triathlete
(Figure 1). This triathlete displayed a reduction in
biceps femoris muscle activity that persisted for
20 min of the transition run. The average root mean
square error for change in muscle recruitment over
the 20 min was 7.4%.
Sagittal plane kinematics were different between
control and transition runs in five triathletes. For
most triathletes, any change in kinematics was
transient (i.e. changes in joint position were only
evident for  5 min of the transition run in four of
five triathletes) (Figure 2). One triathlete demon-
Figure 1. Comparison of muscle activity between control (shaded) and transition (pattern) runs. (A) The 95% confidence intervals of the
average pattern of muscle recruitment of the 10th minute of the control run and the first 20 min of the transition run for a representative
triathlete. Note the similarity in muscle recruitment between control and transition runs in all muscles except biceps femoris, which shows
the 95% confidence intervals not overlapping for410% of the stride. (B) Muscle recruitment of the biceps femoris for the same triathlete for
the 10th minute of the control run (shaded), minutes 1 through 5 and the 10th, 15th, and 20th minute of the transition run (pattern). Data
are shown on the x-axis for one complete stride of running from heel strike (0%) to ipsilateral heel strike (100%). EMG amplitude is plotted
as a percentage of the maximum measured EMG amplitude (MAX; 0–100%). For abbreviations of muscles, see Table II.
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strated an increase in peak ankle dorsi-flexion
(average mean difference¼ 3.98) that persisted for
the 30 min transition run (Figure 3). Kinematic
changes were present at only one joint for all but two
triathletes. Changes in kinematics were most frequent
at the ankle (four triathletes) and hip (two triathletes).
Triathletes displayed changes in root mean square
error and maxima and minima of the stride cycle,
although no triathlete demonstrated a change in
correlation coefficient (i.e. kinematic pattern).
Figure 2. Mean difference of the minima of the stride cycle for individual triathletes for the duration of the transition run (minutes 1–30).
Data are the mean difference in joint angle (8) between control (10th minute) and each minute of the transition run. Shaded area is the
minimal detection threshold for change in joint position between control and transition runs. Note that some triathletes show short-term
changes (i.e. 5 min) in joint position. These results are also representative of changes in the root mean square error and maxima of stride
cycle for each joint (i.e. changes in joint position were only evident for 5 min of the transition run in four of five triathletes who
demonstrated a change in kinematics).
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3.3. Simultaneous change in muscle and kinematics
patterns for individual triathletes.
No triathletes demonstrated simultaneous changes in
muscle recruitment and kinematics.
Discussion
A short period of sub-maximal cycling did not
directly influence neuromuscular control during
subsequent running in most moderately trained
triathletes. Muscle recruitment when running after
cycling was altered in only 1 of 15 (5 7%) triathletes,
but changes to sagittal plane joint position were
evident in 5 of 15 (33%) triathletes. However,
changes in running kinematics were transient (i.e.
persisted for 5 min or less) for four of the five
triathletes.
These findings in moderately trained triathletes
differ from the results of our recent study of highly
trained triathletes (Chapman et al., 2008a). Cycling
influenced muscle recruitment in a greater propor-
tion of highly trained triathletes (36%), and the
magnitude of change in muscle recruitment was
greater in highly trained than in moderately trained
triathletes (10–20% vs. 7% change in mean EMG
amplitude, respectively). Furthermore, changes to
muscle recruitment in highly trained triathletes
persisted for the duration of a 30 min transition
run. That is, there was no correction of altered
muscle recruitment with continued running in highly
trained triathletes. Therefore, our findings suggest
that cycling of a similar relative intensity has less of
an influence on muscle recruitment during subse-
quent running in moderately trained triathletes
compared with highly trained triathletes. The influ-
ence of cycling on subsequent running kinematics
also differed between moderately trained and highly
trained triathletes. Changes to kinematics were
present during the first 5 min of running after
cycling in five moderately trained triathletes, whereas
highly trained triathletes showed almost instanta-
neous corrections to kinematics (Chapman et al.,
2008a).
The different influences of cycling on neuromus-
cular control during subsequent running in this
study compared with that previously reported in
highly trained triathletes may be related to training
history. Highly trained triathletes undertake greater
training volumes and have a longer history of
training. To date, very little is known about the
effect of training on triathletes’ ability to use optimal
neuromuscular control patterns when switching from
cycling to running. While it is assumed that training
(and engaging in training for a sustained period)
enhances triathletes’ ability to switch between cycling
and running, there is no direct evidence to support
this assumption. Moderately trained triathletes in
the current study demonstrated a greater tendency
for changes in kinematics, whereas the highly
trained triathletes in the previous study showed a
greater tendency for changes in muscle recruitment
with kinematics preserved. A recent study showed
that alterations in knee and ankle running kine-
matics not muscle recruitment are related to
changes in running economy after cycling (Bonacci
et al., 2010). An earlier study also revealed that
changes in trunk posture after cycling could partly
explain that increased oxygen cost of triathlon
running (Hausswirth, Bigard, & Guezennec, 1997).
For all but one of the moderately trained triathletes
in the present study, an alteration in running
kinematics was corrected within 5 min of running.
This indicates that triathletes have self-selected
preferred movement patterns that they attempt to
reproduce when running off-the-bike, which is
consistent with instantaneous corrections in highly
trained triathletes. Importantly, alterations to self-
selected movement patterns have been shown to
significantly increase the energy cost of running
(Cavanagh & Williams, 1982). Thus it is likely that
the preservation of kinematics and modifications in
muscle recruitment reported previously in highly
trained triathletes is a positive adaptation to
continued triathlon training that enhances their
ability to switch between movement plans for
cycling and running. In other words, highly trained
triathletes have learnt the ability to adapt or modify
their muscle recruitment strategies to preserve
running movement patterns, which could be more
mechanically efficient than altering running kine-
matics off-the-bike.
Figure 3. Sagittal plane motion of the ankle is plotted for the one
triathlete who showed a change in joint position for the entire
30 min of the transition run. Data are a comparison of minutes 9
and 10 of the control run (dotted) with minutes 1 through 5 and
every 5th minute thereafter of the transition run (solid). Data are
shown on the x-axis for one complete stride of running from heel
strike (0%) to ipsilateral heel strike (100%), and range of motion
(y-axis) is plotted as a percentage of normalized range. Note the
increase in peak ankle dorsi-flexion during stance (i.e. 0–30% of
stride).
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Recently, an association between the presence
of altered muscle recruitment when running
off-the-bike and exercise-related leg pain was estab-
lished in highly trained triathletes (Chapman et al.,
2010). Thus, an alternative interpretation of our
findings is that continued triathlon training is
associated with a reduced ability to switch between
muscle recruitment strategies for cycling and run-
ning and this reduced ability could be seen as a
contributing factor to injury. However, it also
possible that altered muscle recruitment occurs as a
result of musculoskeletal pain and injury, rather than
being predictive of it. While not directly investigated,
the absence of altered muscle recruitment in nearly
all participants in the present study suggests that this
association may not be as important for moderately
trained triathletes. In the current study, some
moderately trained triathletes did show kinematic
changes but the implications of changes in running
kinematics after cycling on injury are unknown. At
present there is only limited prospective evidence for
the association between kinematics and overuse
injury (Willems et al., 2006; Willems, Witvrouw,
De Cock, & De Clercq, 2007). However, although
kinematic alterations may not alter the neural drive
to a muscle (as evidenced by no changes in EMG for
those who demonstrated kinematics changes), it is
possible that it may alter the force requirements of a
particular muscle, which may affect tissue and
structure loading and/or run performance. This
requires further investigation.
Conclusion
The results of this study demonstrate that cycling has
little influence on running muscle recruitment in
moderately trained triathletes. However, some mod-
erately trained triathletes have difficulty reproducing
pre-cycling running kinematics immediately after
cycling. Alterations in running kinematics after
cycling have been associated with changes in running
economy (Bonacci et al., 2010). Therefore, training
interventions focused on quickly restoring optimal
running movement patterns after cycling may be
advantageous for moderately trained triathletes’
performance.
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